Abstract: Presently Zn-Mg coatings are being developed as a contribution to next generation of galvanized steel. However, the underlying corrosion mechanism is still under debate. In this paper we show that Raman spectroscopy next to electrochemical methods (linear sweep voltammetry and electrochemical impedance spectroscopy) can successfully be used to help in identifying the corrosion products of Zn-Mg coated galvanized steel (ZMS) when dipped into 3 wt. % NaCl aqueous solution at ambient temperature (25 °C). The obtained results are compared to galvanized steel. This study reveals that in the case of ZMS, Mg is mainly anodically dissolved forming a compact layer of Mg(OH) 2 /MgO and MgCO 3 . It is believed that the formation of this compact layer and the insulating properties of MgO, due to its large band gap, are responsible for the increased corrosion resistance of the alloy.
INTRODUCTION
The use of steel construction materials with long life time is mainly possible due to the use of protective metallic coatings containing zinc. The protective nature of Zn-coated or galvanized steel is linked to the formation of a thick and porous film of Zn corrosion products, which influence the reduction mechanisms and rate of oxygen on the zinc surface. To extend the life time of steel construction, big efforts have been put into the optimization of Zn coating composites. One attempt to improve the protective ability of zinc-coated steel is to developed alloys [1] [2] [3] [4] [5] . Magnesium-based alloys are promising alternatives as they exhibit a number of advantageous physical and mechanical properties that make them attractive for many industrial applications [6, 7] . Presently Zn-Mg coatings are developed by the steel industry as they are believed to be the next generation of galvanized steel [8] . Several different reports have highlighted the increased corrosion resistance of Zn-Mg over Zn-coated steel [8] [9] [10] [11] .
Zinc corrosion and dissolution can be easily studied by electrochemical methods, allowing the determination of corrosion rates and reaction models [12] [13] [14] [15] [16] [17] [18] . As corrosion is a surface process, surface characterization techniques such as Fourier transformed infrared (FT-IR) spectroscopy, Raman spectroscopy, sum frequency generation (SFG) spectroscopy, X-ray diffraction (XRD), energy dispersive X-ray spectrometry (EDXS), or X-ray photoelectron spectroscopy (XPS) can help in the analysis and quantification of the *Address correspondence to this author at the Institut d'Electronique, de Microélectronique et de Nanotechnologie (IEMN, CNRS-8520), Cité Scientifique, Avenue Poincaré-B.P. 60069, 59652 Villeneuve d'Ascq, France; Email: sabine.szunerits@lepmi.inpg.fr corrosion products, helping to shed light into the underlying corrosion mechanism [1, 3, 14, 15, 19, 20] .
In this paper, Raman spectroscopy together with linear sweep voltammetry and electrochemical impedance spectroscopy are used to determine the corrosion products formed from a Zn-Mg alloy with 10 wt. % Mg when immersed in an aqueous solution of 3 wt. % sodium chloride.
EXPERIMENTAL SECTION

Materials
Sodium Chloride (NaCl) was obtained from Aldrich and used without further purification. Galvanized steel samples were kindly provided by Arcelor-Mittal. The Zn-Mg coating was produced by over-coating galvanized steel with magnesium via physical vapour deposition. The interface was subsequently thermally treated to alloy the zinc and magnesium. The final coating was 10 m thick and contained 10 wt. % Mg.
Instrumentation
Electrochemical Instrumentation
Electrochemical experiments were performed using an Autolab potentiostat 30 (Eco Chemie, Utrecht, The Netherlands). The working electrode was galvanized steel or the Zn-Mg alloy, degreased with acetone and washed with water before use. The active surface area was A= 0.196 cm 2 . The disk shaped samples were mounted in a PTFE holder with copper contact. The reference electrode was saturated calomel electrode (SCE), and a platinum wire was used as a counter electrode. Measurements were performed in an aqueous solution containing 3 wt. % NaCl.
Linear voltammetry polarization tests were performed at a rate of 1 mV s -1 . The cathodic and anodic fields were recorded separately.
Electrochemical Impedance Spectroscopy (EIS) was performed for eight frequency decades from 1 mHz to 100 kHz with an amplitude of 10 mV at the corrosion potential (E corr ). Impedance data were modeled using ZView.
AFM Measurements
The samples were imaged with a Dimension 3100 model AFM (Veeco, Santa Barbara, CA) equipped with a Nanoscope IV controller (Digital Instruments) under ambient conditions. Single beam silicon cantilevers (AFM-TM Arrow, Nanoworld) with spring constants of 42 N m -1 and resonant frequencies of 250 kHz were used. All AFM images were acquired in tapping mode at a constant force of 5-50 pN.
Scanning Electron Microscopy (SEM)
SEM images were obtained using an electron microscope ULTRA 55 (Zeiss, France) equipped with a thermal field emission emitter, three different detectors (EsB detector with filter grid, high efficiency In-lens SE detector, EverhartThornley Secondary Electron Detector) and an energy dispersive X-ray analysis device (EDS analysis).
Raman Spectroscopy
Raman measurements were performed using a Renishaw's InVia Raman spectrometer. Spectra were recorded with the green line of an Ar-ion laser ( = 514.53 nm) using a 50 (Na = 0.95) objective. The acquisition time was 500 seconds with an output laser power of 0.5 mW.
RESULTS AND DISCUSSION
Electrochemical Investigations
It is well known that the surface roughness has an important influence on the anodic dissolution of Zn [16] . Both interfaces were immersed in an aqueous solution containing 3 wt. % NaCl (pH = 7.0) and the evolution of the corrosion potential (E corr ) was followed over time. The initial corrosion potential of Zn and Zn-Mg are almost the same [11] . In the case of the Zn sprayed surface, the corrosion potential rapidly moves in the noble direction within several days due to the formation of porous corrosion products decreasing the anodic current. Indeed, E corr is determined by both the anodic and cathodic reactions. A decrease of the anodic current moves E corr gradually in the positive direction so that the cathodic current can be low enough to balance the decreased anodic current. For Zn-Mg sprayed surfaces the corrosion potential stayed in less noble corrosion potential regions for up to a month (Fig. 2) . The slow but steady increase in E corr of the interface covered with Zn-Mg indicates the formation of a protecting layer over time, which limits further dissolution of the alloy and results in an increased corrosion resistance. The superior corrosion resistance of ZMS may be due to three factors: (i) the formation of a dense, adherent layer of Zn corrosion products on the surface or (ii) the formation of a dense and insulating layer of Mg corrosion products or (iii) the persistence of galvanic protection of the ZMS coating during corrosion. Linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) were used next to Raman spectroscopy to elucidate this question.
Quasi-steady state polarization curves of galvanized steel and ZMS are shown in Fig. (3) . In the case of galvanized steel, a linear region is observed in the cathodic part of the polarization curve when immersed in an aqueous solution containing 3 wt. % NaCl. This plateau is attributed to the charge transfer due to the reduction of oxygen dissolved in the solution (equation 1). Anodically from E corr , the current density increases steadily due to the anodic dissolution of zinc (equation 2).
Zn Zn
The addition of magnesium to zinc decreases the cathodic and anodic currents and shows a more complex reduction behavior (Fig. 3) . The corrosion current densities (j corr ) were estimated from the polarization curves through the Tafel polarization method. Galvanized Zn shows a corrosion current density of j corr = 213 A cm -2 with E corr = -1.19 V, while a j corr = 74 A cm -2 and a while E corr = -1.24 V was determined for ZMS. The change in the position of the corrosion potential together with the change in the corrosion current density is most likely due to anodically formed corrosion products. The presence of Mg increases the cathodic overpotential necessary to reduce oxygen. This indicates indirectly the formation of a diffusion barrier due to the formed corrosion products, limiting the transportation of dissolved oxygen to the electrode surface.
EIS was in addition performed on galvanized Zn and ZMS samples after being immersed for 30 days in an aqueous 3 % NaCl solution. One time constant can be distinguished in the phase diagram in Fig. (4A) resulting in the proposed equivalent circuit as described in Fig. (4B) . Rs corresponds to the electrolyte resistance, Qdc presents the double layer capacitance and Rct the charge transfer resistance. The electrolyte resistance is measured at high frequencies (10 4 -10 5 Hz) and a value of R s =43 ± 4 cm -2 was determined. The charge transfer resistance of galvanized steel was Rct =2679 cm -2 and increased significantly for ZMS to Rct =6309 cm -2 . The double layer capacitance is as well increased from Q dc = 4.9 cm -2 for galvanized steel to Q dc = 13 cm -2 for ZMS. This indicates the formation of dense corrosion products protecting the interface and are in agreement with the LSV results
Raman Spectroscopy
Even though Raman spectroscopy provides weak signals, it is an easy and useful approach to identify the corrosion products formed. The vibrational properties of the corrosion products of GS and ZMS after dipping in 3 wt. % NaCl were investigated using Raman spectroscopy at 514.53 nm. The power of the illumination was as low as 0.5 mW to prevent any transformation of the materials and corrosion products formed [21] . Fig. (5) shows the Raman spectrum of galvanized steel recorded after 30 days immersion in an aqueous solution of 3 wt. % NaCl. Raman images were recorded on different parts of the sample but the same spectrum was obtained. The spectrum in Fig. (5) is thus representative or the entire corroded galvanized steel sample. Several Raman active modes are detected in the 200-3800 cm -1 spectral region. The Raman spectrum of corroded GS samples is dominated at low wavenumbers by the longitudinal optical (LO) vibration at 554 cm -1 and transversal optical (TO) mode at 395 cm -1 (E 1 symmetry) identical to that of ZnO [19, 22, 23] . ZnO can be formed during Zn corrosion, when zinc is oxidized at anodic sites to zinc ions (equation 3). The reaction is balanced by oxygen reduction at cathodic sites, producing hydroxyl anions (equation 1), which can react with zinc cations to form zinc hydroxide. In slightly acidic and alkaline solutions, thermodynamically more stable zinc oxide can precipitate onto the surface.
The peaks at longer wavenumbers, 2874 and 3482 cm -1 , are characteristic of hydroxyl groups of simonkolleite structure, Zn 5 (OH) 8 Cl 2 H 2 O [19] . In the presence of high concentration of sodium chloride, chloride and hydroxyl anions migrate to anodic zinc dissolution sites where simonkolleite is formed according to equation 4. The SEM image of the corroded galvanized steel interface shows the formation of flower-like structures, which are in agreement with the formation of simonkolleite (Fig. 6) [15] . Simonkolleite is not stable under alkaline conditions. The released hydroxyl ions can be neutralized by cathodic activity according to equation 5 to yield zincate ions. Fig. (2) . Evolution of open circuit potential vs time of galvanized steel (black) and Zn-Mg coated galvanized steel (grey) dipped in a 3 wt. % NaCl aqueous solution. Fig. (3) . Linear polarization curves of galvanized steel Zn (black line), and ZMS (grey line) after immersion in 3 % NaCl aqueous solution.
Indeed, the Raman bands at 280 cm -1 and 432 cm -1 are characteristic for brucit and MgO [24] . In contrast to ZnO, which has n-type semiconducting properties with a band gap of 3.4 eV, MgO has a higher band gap of 7.7 eV. This larger 
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band gap will result in a reduced efficiency of the oxygen reduction at the surface. The overall result is that once MgO is formed, the conductivity of the samples is smaller and thus less efficient in terms of oxygen reduction. A similar interpretation was given by Prosek et al. who studied the corrosion mechanism of Zn-Mg alloys in atmospheric conditions [9] . The band at 555 cm -1 indicates that ZnO is present next to brucit and MgO as one of the corrosion products. At longer wavenumbers, broad Raman peaks were recorded at 2911 and 3665 cm -1 , suggesting the presence of OH groups in form of water coming most likely from Mg(OH) 2 [25] . The bad defined band at 1087 cm -1 is most likely due to the formation of a small amount of (hydroxy)carbonates [21] . This indicates that corrosion products such as magnesite, MgCO 3 , nesquehonite Mg(HCO 3 )(OH) 2H 2 O as well as hydrozincite, Zn 5 (OH) 6 (CO 3 ) 2 are formed in small quantities. The Raman signal at 1522 cm -1 is characteristic to the formation of amorphous aromatic residues and could be an artifact of the Raman investigations through local heating. Investigation of Zn-Mg alloys using FTIR spectroscopy showed similar results [9] . EDX analysis of Zn-Mg coated galvanized steel shows that while the magnesium content decreases, the amount to Zn remains constant. No chloride or sodium atoms were formed, which rules out the formation of Zn 5 (OH) 8 Cl 2 H 2 O. The amount of oxygen is slightly increased, indicating that Mg(OH) 2 is formed preferentially next to some MgCO 3 and Mg(HCO 3 )(OH) 2H 2 O. SEM images of the ZMS before and after dipping in 3 wt. % NaCl aqueous solution are displayed in Fig. (6) . A granular structure is seen for the Zn-Mg film, which is covered with a dense layer of corrosion products. 
The results of EDX analysis of corroded galvanized steel are summarized in Table 1 . After dipping GS in a 3 wt. % NaCl aqueous solution, the amount of oxygen increased. Additional peaks due chloride, sodium and carbon elements were observed on the surface. This is a further indication for the formation of zinc oxide and simonkolleite as main corrosion products. The presence of sodium ions indicates the formation of Na 2 CO 3 due to dissolved CO 2 in the electrolyte (equations 6, 7):
2 NaHCO 3 Na 2 CO 3 + H 2 O + CO 2 (7) The Raman spectra of the ZMS dipped in 3 wt. % NaCl aqueous solution are rather different to that of GS. Fig. (7) shows the kind of spectra, which were recorded on different areas of the ZMS interface. ble of a Zn-Mg coating on galvanized steel is brucit, Mg(OH) 2 , and magnesium oxide MgO (equations 8, 9). As magnesium has a significant lower standard potential (E 0 = -2.38 V/SHE) compared to Zn (E 0 = -0.76 V/SHE) [26, 27] , the corrosion performance of the Zn-Mg coating will be shifted in the direction of Mg and could be the driving force providing the corrosion current at the initial stage. Discharged Mg 2+ can rapidly form a surface film of Mg(OH) 2 or MgO, which can provide a protection over a wide pH range.
CONCLUSION
Raman spectroscopy was used to help in identifying the corrosion products of galvanized steel and Zn-Mg coated galvanized steel when dipped in 3 wt. % NaCl aqueous solutions. In the case of galvanized steel, the main corrosion products are Zn 5 (OH) 8 (7) . Raman spectra recorded on galvanized steel coated with a Zn-Mg protection layer on three different places after immersion in 3 wt. % NaCl for 30 days.
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